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When a crack propagates towards a weak interface, interface debonding may occur before the incident crack reaches the
interface. This phenomenon refers to the ‘‘Cook–Gordon mechanism’’. In this investigation, an equivalent dynamic Cook–
Gordon mechanism is studied both experimentally and analytically. Two strength-based criteria incorporating dynamic
fracture mechanics analysis are proposed to predict the initiation location of interface debonding ahead of a dynamic inci-
dent crack. As validation, a comparison is made between the analytical predictions and experimental measurements.
Results show that the strength-based criteria can eﬀectively predict the initiation of interface debonding. Meanwhile, eﬀects
of the stress intensity factor and the T stress of the incident crack, on the interfacial debonding initiation are investigated. It
is concluded that high-stress intensity factors of the incident cracks will easily induce interfacial debonding initiation, and
changing the T stress is an eﬀective way to control interfacial debonding initiation. Furthermore, high-interfacial tensile
strengths rather than shear strengths, tend to suppress interfacial debonding initiation induced by a mode-I incident crack.
 2006 Elsevier Ltd. All rights reserved.
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When a crack propagates in elastic solids and encounters an interface, one of the three situations may occur
as seen in Fig. 1: (a) after the crack reaches the interface, it kinks out of its original path and continues to
propagate along the interface. This phenomenon is often called ‘‘crack kinking or deﬂection’’ (Martinez
and Gupta, 1994; Prakash et al., 1995; Kerans and Parthasarathy, 1999; Davis et al., 2000; Leguillon et al.,
2001); (b) the crack penetrates the interface and continues to propagate along its original path, i.e., crack pen-
etration (He et al., 2000; Xu et al., 2003; Roham et al., 2004); (c) early interface debonding initiates before the
incident crack reaches the interface, or it refers to the ‘‘Cook–Gordon mechanism’’ (Cook and Gordon, 1964;
Lee et al., 1996; Warrier et al., 1997; Majumdar et al., 1998; Pagano, 1998; Leguillon et al., 2000; Korsunsky,
2001; Barber et al., 2002; Xu and Rosakis, 2003). In the open literature, eﬀorts have been primarily focused on0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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Fig. 1. Common failure modes when a crack encounters an interface. (a) Crack kink, (b) crack penetration and (c) debonding before
kinking.
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Suo, 1992; Gupta et al., 1992). The energy release rate ratios of the incident and kinked interfacial cracks, and
the fracture toughness ratios of the matrix material and the interface are identiﬁed as major parameters to
govern crack deﬂection/penetration (Evans and Zok, 1994; Martinez and Gupta, 1994; Ahn et al., 1998;
Martin et al., 1998). Recently, Xu et al. (2003) experimentally and analytically studied the dynamic crack
deﬂection/penetration phenomena. They also presented an energy-based criterion to investigate the competi-
tion between the dynamic crack penetration and deﬂection. However, in order to apply the energy-based
criterion, putative crack deﬂection and crack penetration lengths are needed to evaluate the corresponding
energy release rates. Several researchers (Ahn et al., 1998; He et al., 2000; Martin et al., 2001; Lee et al.,
2004) have demonstrated that the two putative lengths have a signiﬁcant eﬀect on the energy release rate
ratios, and sometimes the energy-based criterion fails to predict the crack deﬂection or crack penetration.
For these cases, ‘‘Cook–Gordon mechanism’’ provides an alternative explanation since a crack may not kink
right after it reaches the interface as shown in Fig. 1(a). The case (interface debonding before kinking) shown
in Fig. 1(c) is quite possible. However, in case (c), correlations of the fracture mechanics parameters of the
kinked interfacial crack and the incident crack are not easy to obtain. Therefore, in order to model the
‘‘Cook–Gordon mechanism’’, we tend to use strength-based criteria to predict interfacial debonding initiation
only (rather than crack growth) induced by an incident crack. In terms of the dynamic ‘‘Cook–Gordon mech-
anism’’, only Needleman and co-workers (see Siegmund et al., 1997; Arata et al., 2000; Xuan et al., 2003) have
simulated this problem using a cohesive element model. In their model, an artiﬁcial initial ﬂaw was introduced
so they assumed some material properties for predictions. In our investigation, a strength criterion with direct
interfacial strength measurements will be used to predict the critical distance rc of the incident crack tip to the
intersection point of the incident crack path and the interface, as deﬁned in Fig. 2(a). Indeed, our work will be
complementary to Needleman’s work, since our work aims to predict interfacial debonding initiation, while
their eﬀorts were focused on simulating the late interfacial crack propagation after crack initiation.
So our objective in this investigation is to understand the mechanics and material insight of interfacial deb-
onding initiation induced by a dynamic incident mode-I crack. In order to avoid complicated stress waves
across a bi-material interface, and to simplify dynamic fracture mechanics modeling, two kinds of bonded brit-
tle polymers (PMMA or Plexiglas and Homalite) will be used to conduct dynamic fracture experiments. Mean-
while, dynamic fracture mechanics modeling incorporating an interfacial strength criterion will be developed
to predict interfacial debonding initiation and compared with experimental observations.
2. Determination of the stress ﬁeld around a dynamic crack
We consider weakly bonded systems composed of identical constituent solids so that the resulting material
remains constitutively homogeneous except for fracture toughness or strength along the interface. By doing so
the complication of material properties and wave speed mismatch across the interface is avoided, while the
essential properties of a weak path or bond are retained. Fig. 2(a) shows a schematic diagram describing
the geometry relevant to interface debonding ahead of an incident crack. Two identical homogeneous and iso-
tropic elastic solids are bonded along an interface indicated here by the dashed line. The Young’s and shear
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Fig. 2. Schematic diagrams of (a) debonding initiation at two diﬀerent points and (b) stress transformation relation at the interface.
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towards the inclined interface between the bonded solids. The angle between the crack path and the interface
is denoted by b (interfacial angle).
2.1. Stress ﬁeld around the tip of a dynamically propagating mixed-mode crack
For a two-dimensional solid, stress ﬁeld of a steady mode-I crack is given by a well-known form (see Ram-
ulu and Kobayashi, 1985; Freund, 1990)rIij ¼
KIðtÞﬃﬃﬃﬃﬃﬃﬃ
2pr
p RIijðh; vÞ þ Tdi1dj1 þOð1Þ ði; j ¼ 1; 2Þ ð1Þwhere KI(t) is the dynamic stress intensity factor of the mode-I crack as a function of time t; T is a non-singular
term, which is called ‘‘the T stress’’ or rox (Williams, 1957; Dally, 1979); O(1) represents higher order terms;
functions RIijðh; vÞ represent the angular variations of stress components for a crack tip speed v, which were
reported by Freund (1990). Similarly, the asymptotic stress ﬁeld of a steady mode-II crack can be expressed
asrIIij ¼
KIIðtÞﬃﬃﬃﬃﬃﬃﬃ
2pr
p RIIij ðh; vÞ þOð1Þ ði; j ¼ 1; 2Þ ð2Þwhere KII(t) is the dynamic stress intensity factor of the mode-II crack as a function of time t. There is no T
stress involved in pure mode-II crack stress expressions. The functions RIIij ðh; vÞ that represent the angular vari-
ations of stress components for an instantaneous crack tip speed v were given by Freund (1990). Based on Eqs.
(1) and (2), the stress ﬁeld of a mixed-mode crack can be obtained using the linear superposition principle
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KIðtÞﬃﬃﬃﬃﬃﬃﬃ
2pr
p RIijðh; V Þ þ Tdi1dj1 þ
KIIðtÞﬃﬃﬃﬃﬃﬃﬃ
2pr
p RIIij ðh; V Þ þOð1Þ ði; j ¼ 1; 2Þ ð3ÞIn order to extract some mechanics parameters of this two-dimensional stress ﬁeld from experimental stress
analysis, photoelasticity technique is employed to generate isochromatic fringe patterns, which are directly re-
lated to the dynamic stress ﬁeld.
2.2. Isochromatic fringe patterns of a dynamic crack
Recall that the maximum in-plane shear stress sm is related to the three in-plane stress components bys2m ¼
r11  r22
2
 2
þ r212 ð4Þand the governing equation for the isochromatic fringe pattern is (Kobayashi, 1987)sm ¼ Nf r
2h
ð5Þwhere N is the fringe order, fr is the material fringe constant and h is the specimen thickness. From Eqs. (4)
and (5), we getNf r
2h
 2
 r11  r22
2
 2
 r212 ¼ 0 ð6ÞSubstitution of Eq. (3) into Eq. (6) leads to a new equation, which describes the shape of the dynamic isochro-
matic patternNf r
ﬃﬃﬃﬃﬃﬃﬃ
2pr
p
2h
 !2
 KIB1B2 þ KIIB4B5 þ T
ﬃﬃﬃﬃﬃﬃﬃ
2pr
p
2
 !2
 ðKIB1B3 þ KIIB6Þ2 ¼ 0 ð7Þwhere B1, B2, B3, B4, B5, B6 are functions deﬁned by Sanford and Dally (1979). The N–K relation given in Eq.
(7) is nonlinear in terms of three unknown parameters KI, KII and T. There are several approaches to solve this
nonlinear equation. In this investigation, we mainly use the over-deterministic method (Sanford and Dally,
1979) to obtain KI, KII and T. From Eq. (7), we can deﬁne a governing function as follows:f ðKI;KII; T Þ ¼ Nf r
ﬃﬃﬃﬃﬃﬃﬃ
2pr
p
2h
 !2
 KIB1B2 þ KIIB4B5 þ T
ﬃﬃﬃﬃﬃﬃﬃ
2pr
p
2
 !2
 ðKIB1B3 þ KIIB6Þ2 ¼ 0 ð8ÞFor a speciﬁc fringe order N, we can measure several data points as long as their distances to the crack tip are
more than half specimen thickness as suggested by Rosakis and Ravi-Chandar (1986). Substituting these data
points into Eq. (8), we can get a series of equations to determine the three unknown parameters KI, KII, T
using the least squares method.
3. Interfacial debonding initiation ahead of an incident crack
3.1. Strength-based criteria
As shown in Fig. 2(b), let r11(ri,hi), r22(ri,hi) and r12(ri,hi) denote the interfacial stress components at the
point (ri,hi) in the main coordinate system whose origin is located at the incident crack tip; r011; r
0
22 and r
0
12
denote these stresses acting at the same interface location but their local coordinate system has an angle b with
the main coordinate system. According to the stress transformation law, we getr011 ¼ r11ðri; hiÞ cos2 bþ r22ðri; hiÞ sin2 bþ 2r12ðri; hiÞ sin b cos b ð9Þ
r022 ¼ r11ðri; hiÞ sin2 bþ r22ðri; hiÞ cos2 b 2r12ðri; hiÞ sin b cos b ð10Þ
r012 ¼ r12ðri; hiÞ cos 2bþ ðr22ðri; hiÞ  r11ðri; hiÞÞ sin b cos b ð11Þ
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rt
 
þ r
0
12
ss
 
¼ 1 ð12Þandr022
rt
 2
þ r
0
12
ss
 2
¼ 1 ð13Þwhere rt and ss are the tensile and shear strengths of the interface, respectively. The basic idea behind these
two criteria is that once the local tensile stress or shear stress at the interface reaches its critical value (tensile or
shear strength), local interfacial debonding initiates. The diﬀerence between these two criteria is the exponents
of these strength ratios. What makes the strength-based criteria more preferable is that, in this investigation,
we focus on interfacial debonding initiation rather than interfacial crack propagation. Our purpose is to ﬁnd a
better criterion to explain physical insight, and to avoid ﬁtting parameters in model predictions. Similarly,
Rousseau and Rosakis (2003) used one strength criterion to predict a mode-II interfacial crack initiation.
For convenience, we use criterion I to represent Eq. (12) and criterion II to represent Eq. (13). We will use
these criteria to predict two possible cases of crack-interface interaction. In the ﬁrst situation, the debonding
initiation position is the intersection point of the incident crack path and the interface as shown in Fig. 2(a).
This phenomenon was observed by Xu and Rosakis (2003). In their experiments, when two bonded Homalite
layers were subjected to transverse impact loading, an incident crack initiated and propagated perpendicularly
to the interface. Before the incident crack reached the interface, interface debonding initiated at the intersec-
tion point. In the second case, we assume that interfacial debonding initiation will occur at the least distance
point if the interface is inclined to the incident crack as seen in Fig. 2(a). Here, the least distance refers to the
distance from the incident crack tip (point) to the interface (line).
3.2. Case I: Debonding initiation at the intersection point of the incident crack path and the interface
If interface debonding initiates at the intersection point between the incident crack path and the interface as
shown in Fig. 2(a), it implies hi = 0 in Eq. (3). So the stress components at the debonding point can be
expressed byr11ðrc; 0Þ ¼ KIﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2prc
p 1
D
ð1þ a2s Þð1þ 2a2d  a2s Þ  4asad
 þ T ð14Þ
r12ðrc; 0Þ ¼ KIIﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2prc
p 1
D
4asad  ð1þ a2s Þ2
n o
ð15Þ
r22ðrc; 0Þ ¼  KIﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2prc
p 1
D
ð1þ a2s Þ2  4asad
n o
ð16Þwhere D, as and ad are deﬁned by Freund (1990). Substituting the above expressions into Eqs. (9)–(11) in com-
bination with Eqs. (12) and (13) leads toKIﬃﬃﬃﬃﬃﬃ
2prc
p f1
rt

KIIﬃﬃﬃﬃﬃﬃ
2prc
p f2 sin 2b
rt
þ T sin
2 b
rt
 !
þ
KIﬃﬃﬃﬃﬃﬃ
2prc
p f3
ss
þ
KIIﬃﬃﬃﬃﬃﬃ
2prc
p f2 cos 2b
ss
 T sin b cos b
ss
 !
¼ 1 ð17ÞandKIﬃﬃﬃﬃﬃﬃ
2prc
p f1
rt

KIIﬃﬃﬃﬃﬃﬃ
2prc
p f2 sin 2b
rt
þ T sin
2 b
rt
 !2
þ
KIﬃﬃﬃﬃﬃﬃ
2prc
p f3
ss
þ
KIIﬃﬃﬃﬃﬃﬃ
2prc
p f2 cos 2b
ss
 T sin b cos b
ss
 !2
¼ 1 ð18Þ
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2
s Þð1þ 2a2d  a2s Þ  4asad
 
sin2 b 1
D
ð1þ a2s Þ2  4asad
n o
cos2 b ð19Þ
f2 ¼ 1D f4asad  ð1þ a
2
s Þ2g ð20Þ
f3 ¼  2D ð1þ a
2
s Þð1þ a2dÞ  4asad
 
sin b cos b ð21ÞIf the dynamic stress intensity factors, T stress and crack tip speed of the incident crack, and interfacial tensile
and shear strengths are known, based on Eqs. (17) and (18), we can predict the critical distance rc between the
incident crack tip and the intersection point. If the incident crack is a pure mode-I crack, Eqs. (17) and (18) are
further reduced toKIﬃﬃﬃﬃﬃﬃ
2prc
p f1
rt
þ T sin
2 b
rt
 !
þ
KIﬃﬃﬃﬃﬃﬃ
2prc
p f3
ss
 T sin b cos b
ss
 !
¼ 1 ð22ÞandKIﬃﬃﬃﬃﬃﬃ
2prc
p f1
rt
þ T sin
2 b
rt
 !2
þ
KIﬃﬃﬃﬃﬃﬃ
2prc
p f3
ss
 T sin b cos b
ss
 !2
¼ 1 ð23Þ3.3. Case II: Debonding initiation at the least distance point from the incident crack tip to the interface
If interface debonding occurs at the least distance point, it implies hi ¼  p2  b
	 

as seen in Fig. 2(a). Let ri
denote the least distance between the incident crack tip and the debonding initiation point, so we can express
the original interfacial stress ﬁeld using Eq. (3), and further get transferred stress ﬁeld similar to the previous
case. Then, based on the proposed strength criteria, we getKIﬃﬃﬃﬃﬃﬃ
2pri
p f 01
rt
þ
KIIﬃﬃﬃﬃﬃﬃ
2pri
p f 02
rt
þ T sin
2 b
rt
 !
þ
KIﬃﬃﬃﬃﬃﬃ
2pri
p f 03
ss
þ
KIIﬃﬃﬃﬃﬃﬃ
2pri
p f 04
ss
 T sin b cos b
ss
 !
¼ 1 ð24ÞandKIﬃﬃﬃﬃﬃﬃ
2pri
p f 01
rt
þ
KIIﬃﬃﬃﬃﬃﬃ
2pri
p f 02
rt
þ T sin
2 b
rt
 !2
þ
KIﬃﬃﬃﬃﬃﬃ
2pri
p f 03
ss
þ
KIIﬃﬃﬃﬃﬃﬃ
2pri
p f 04
ss
 T sin b cos b
ss
 !2
¼ 1 ð25Þwheref 01 ¼ RI11ðhi; vÞ sin2 bþ RI22ðhi; vÞ cos2 b RI12ðhi; vÞ sin 2b ð26Þ
f 02 ¼ RII11ðhi; vÞ sin2 bþ RII22ðhi; vÞ cos2 b RII12ðhi; vÞ sin 2b ð27Þ
f 03 ¼ RI12ðhi; vÞ cos 2bþ RI22ðhi; vÞ  RI11ðhi; vÞ
	 

sin b cos b ð28Þ
f 04 ¼ RII12ðhi; vÞ cos 2bþ RII22ðhi; vÞ  RII11ðhi; vÞ
	 

sin b cos b ð29ÞIf the incident crack is a mode-I crack, substituting KII = 0 into above equations leads toKIﬃﬃﬃﬃﬃﬃ
2pri
p f 01
rt
þ T sin
2 b
rt
 !
þ
KIﬃﬃﬃﬃﬃﬃ
2pri
p f 03
ss
 T sin b cos b
ss
 !
¼ 1 ð30Þ
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p f 01
rt
þ T sin
2 b
rt
 !2
þ
KIﬃﬃﬃﬃﬃﬃ
2pri
p f 03
ss
 T sin b cos b
ss
 !2
¼ 1 ð31ÞAfter obtaining the least distance ri from the above equations, one can get the critical distancerc ¼ ri
sin b
ð32ÞThe reason to use the critical distance is that, it is easy to measure in dynamic experiments.
4. Experimental investigation
Two kinds of polymeric materials were used in conjunction with two kinds of optical diagnostic techniques.
Homalite–100 was chosen for the photoelasticity experiments while PMMA (Plexiglas) was used in the Coher-
ent Gradient Sensing (CGS) experiments (Rosakis et al., 1998). Dynamic photoelasticity is related to the max-
imum in-plane shear stresses in a specimen during the loading and failure processes. The CGS technique
records the gradient of the ﬁrst in-plane stress invariant. One wedge-loaded specimen was used to produce
a single, straight dynamic crack as shown in Fig. 3. An aluminum wedge was inserted into a pre-notch and
impacted by a projectile, causing the wedge to open the notch faces thus producing a single mode-I crack.
The notch tip was cut using a diamond afering blade (Buehler, Series 15 LC). A strain gauge was bonded onto
the wedge to trigger a high-speed camera and laser system. During experiments, a projectile ﬁred from a gas
gun was used to apply the impact loading through the wedge. The high-speed camera was employed to record
the fringe patterns in real time. More experimental details can be found in Xu et al. (2003).
5. Results and discussion
5.1. Experimental observations and mechanics parameter variations
Fig. 3 shows a series of CGS images of an incident crack propagating towards an inclined interface (interfacial
angle 45). A vertical line appearing in every image is the camera streak line, which is used for positioning pur-
poses. Another inclined line reveals the position of the interface. A dark circular spot at the upper location is a
scaling mark. Interface debonding initiates between 119 and 122 ls after impact and below the horizontal inci-
dent crack path as seen in Fig. 3(c) and (d). This evidence supports the least distance assumption discussed in
Section 3.3. This interfacial crack further propagates along the interface but its upper and right tip is much faster
than the lower and left tip, because the energy release rate of the upper tip is higher than that of the lower tip
(Xuan et al., 2003). Also, the incident crack features symmetric fringe patterns since it is a mode-I crack, but
the fringe patterns of the interfacial crack are not symmetric due to its mixed-mode nature. Fig. 4 shows a series
of dynamic photoelasticity images of an incident crack propagating towards an inclined interface (interfacial
angle 30). In Fig. 4(b) a dynamic mode-I crack is seen to propagate towards the interface. Around
t = 161.5 ls before the incident crack reaches the interface, we can see interface debonding clearly below the hor-
izontal incident crack path. The interfacial crack continues to propagate on both sides indicated by two small
dark dots. Fig. 5(a) shows crack speed history of the incident crack and the kinked interfacial crack. The
mode-I incident crack speed is approximately 460 m/s, while the interfacial crack speed is around 800 m/s
and is not stable. Fitting photoelasticity fringes leads to history of the stress intensity factors and the T stress
of the incident crack, as shown in Figs. 5(b) and 6. We ﬁnd that KI is approximately 0:8 MPa
ﬃﬃﬃﬃ
m
p
and it is
not surprising to see that KII is close to zero since the incident crack is indeed a mode-I crack. We also notice
that and the T stress ranges from 1.5 to 2.0 MPa but the path of the incident crack is still stable.
5.2. Predication of the interfacial debonding initiation ahead of an incident crack
After ﬁtting the stress intensity factors and the T stress of the incident crack, we can predict interfacial deb-
onding initiation using the proposed criteria. Because it is very hard to record the exact moment of interface
Fig. 3. Interface debonding in a bonded PMMA plate with an interfacial angle 45 (K45PM384-1). Interfacial crack initiates in (c) and (d)
and propagates along the interface in (e) and (f). The upper and right tip moves much faster than the lower one.
6542 P. Wang, L.R. Xu / International Journal of Solids and Structures 43 (2006) 6535–6550debonding in dynamic experiments, average values of the stress intensity factors ð0:78 MPa ﬃﬃﬃﬃmp Þ and the T
stress (1.7 MPa) of the incident crack are used. The tensile and shear strengths of the interface were measured
by Xu et al. (2003) and they were 6.75 MPa and 7.47 MPa, respectively. For case I (i.e., interface debonding
initiates at the intersection point of the incident crack path and the interface), substitution of the above known
parameters into Eqs. (22) and (23) leads to the critical distances rc = 3.6 mm based on strength criterion I, and
rc = 2.7 mm based on strength criterion II. Similarly, if interface debonding initiates at the least distance point,
Fig. 4. Dynamic crack propagation in a bonded Homalite-100 plate (k30hm384-1) and interface debonding ahead of the main mode-I
crack (interfacial angle 30).
P. Wang, L.R. Xu / International Journal of Solids and Structures 43 (2006) 6535–6550 6543strength criterion I gives the least distance ri = 4.5 mm using Eq. (30) and criterion II leads to ri = 3.43 mm
using Eq. (31). Based on Eq. (32), these least distances are converted to critical distances, i.e., rc = 9.0 mm
for criterion I and rc = 6.86 mm for criterion II. As mentioned before, it is very hard to record the exact moment
of interfacial debonding initiation, so direct measurements of the critical distance rc are almost impossible.
k30hm384-1
200
400
600
800
1000
1200
50 70 90 110 130 150 170 190
Time (microseconds)
Cr
ac
k 
sp
ee
d 
(m
/s)
Mode I incident crack
Mixed-mode interfacial crack
(a)
k30hm384-1
-0.2
0
0.2
0.4
0.6
0.8
1
110 120 130 140 150 160
Time (microseconds)
SI
Fs
 (M
Pa
*m
1/
2 )
KI
KII
(b)
Fig. 5. (a) Crack speed history of the incident and interfacial cracks and (b) dynamic stress intensity factor (SIFs) history of the incident
crack (interfacial angle 30).
k30hm384-1
0
0.5
1
1.5
2
2.5
3
110 120 130 140 150 160
Time (microseconds)
T 
st
re
ss
 (M
Pa
) 
Fig. 6. Non-singular T-stress history of the incident crack (interfacial angle 30).
6544 P. Wang, L.R. Xu / International Journal of Solids and Structures 43 (2006) 6535–6550However, we can measure the critical distances between the incident crack tips and the intersection points at the
moments, right before and right after interfacial debonding initiation as indicated in Fig. 4. From the experi-
mental record, at time t = 151.1 ls, interfacial debonding initiation did not occur and the corresponding dis-
tance r1 is equal to 9.22 mm. At time t = 156.3 ls, we cannot determine whether interfacial debonding
initiation occurred or not. As time evolved, clear interface debonding was indicated by two dots at
P. Wang, L.R. Xu / International Journal of Solids and Structures 43 (2006) 6535–6550 6545t = 161.5 ls and the corresponding distance r3 = 4.92 mm. Based on these observations, we estimate that inter-
facial debonding initiation occurred in the range of 4.92 mm < rc < 9.22 mm. Such large range still veriﬁes our
assumption (interface debonding ahead of a main incident crack), since the cases in Fig. 1(a) and (b) did not
occur according to experimental observations). By comparing direct experimental measurements to analytical
predictions, one can easily ﬁnd that for inclined interfaces, it is not appropriate to assume that interfacial deb-
onding initiation occurs at the intersection point. The least distance assumption gives more reasonable estima-
tions because all the strength criterion predictions based on this assumption are in the measurement range. In
the following section, we will only use the least distance assumption for all predictions (i.e., Eqs. (30) and (31)),
and will determine which strength criterion is more reasonable.
5.3. Eﬀects of the mechanics parameters of the incident crack and interfacial strengths
Fig. 7 shows the inﬂuence of the stress intensity factor and the T stress of the incident mode-I crack, on the
critical distance rc in case II, i.e., the debonding initiates at the least distance point. It is seen that as long as the
stress intensity factor increases, the critical distance increases, and if the stress intensity factor is small enough,
the critical distance approaches to zero as seen in Fig. 7(a). Therefore, early interfacial debonding initiation
can be suppressed if the stress intensity factor of the incident crack could be controlled as a small value.
Xu et al. (2003) followed this principle using controlled impact speed and initial notch radius to lead to crack
kinking at the interface, rather than early interface debonding. It is also found that the critical distance(a)
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Fig. 8. Variations of the critical distance rc predicted using criterion II with the stress intensity factor under the conditions of
(a) V/Cs = 0.4, b = 30 for diﬀerent levels of the T stresses; (b) V/Cs = 0.4, T = 0 MPa for diﬀerent interfacial angles; (c) b = 30,
T = 0 MPa for diﬀerent crack tip speeds.
6546 P. Wang, L.R. Xu / International Journal of Solids and Structures 43 (2006) 6535–6550predicted using criterion I is always larger than that predicted using criterion II. The surprising result comes
from the eﬀect of the T stress as shown in Fig. 7(b). The T stress is a constant stress along the incident crack
(a)
(b)
Fig. 9. Eﬀects of (a) the stress intensity factor and (b) the T stress on the shape of the failure envelope (2-D distributions of the critical
distances based on Eq. (31)).
P. Wang, L.R. Xu / International Journal of Solids and Structures 43 (2006) 6535–6550 6547path and is related to far-ﬁeld load. For a plate with a central crack, which is subjected to remote uniform
applied stresses r111 and r
1
22, the T stress of the central crack is (Rice, 1974)T ¼ r111  r122 ð33Þ
If the T stress is positive, it will lead to interface debonding easily and the critical distance rc should increase
because of the tensile stress acting at the interface. If the T stress is negative, the critical distance rc should
decrease. In Fig. 7(b), predictions made by criterion II are in agreement with this trend, but there is some dis-
crepancy for criterion I. When the T stress is negative, the critical distance increases with the increase of the
absolute T stress values in the predictions using criterion I, which is not consistent with the physical insight of
Eq. (33). Therefore, criterion II is more reasonable than criterion I, and we will use criterion II only in all other
predictions.
6548 P. Wang, L.R. Xu / International Journal of Solids and Structures 43 (2006) 6535–6550Fig. 8(a) further shows the critical distance variations with the stress intensity factor for diﬀerent levels of
the T stresses. For the same stress intensity factor and other parameters, the critical distance under T = 5 MPa
is much larger than that under T = 5 MPa. So changing the T stress (i.e., changing external loading along
the incident crack path) is an eﬃcient way to control interfacial debonding initiation. Recently, Li and Xu
(2006) show that the T-stress also has signiﬁcant inﬂuence on the crack kinking process. Meanwhile, interfacial
angles and incident crack tip speeds also have some eﬀects on the interfacial debonding initiation. When the
stress intensity factor of the incident crack is small, their eﬀects can be neglected as seen in Fig. 8(b) and (c).
However, when the stress intensity factor is in the high range, small interfacial angles and high-incident crack
tip speeds lead to large critical distances as shown in Fig. 8(b) and (c). As mentioned before, the stress intensity
factor of the incident crack plays a critical role in leading to early interfacial debonding initiation and with the
increase of the stress intensity factor, the critical distance increases signiﬁcantly. This is also indicated by the
shape change of the governing failure envelope as shown in Fig. 9(a). The failure envelope represents two-
dimensional distributions (based on Eq. (31)) of the critical distances using the measured interface strengths
in Section 5.2. As the stress intensity factor increases, the failure envelope moves far away from the crack tip.
This indicates interfacial debonding initiation will occur far away from the incident crack tip. The non-
symmetrical shape of the failure envelope results from the basic assumption of the right and inclined location
of the interface. Fig. 9(b) shows the T stress eﬀect on the shape change of the governing failure envelope. Obvi-
ously, negative T stress tends to suppress interfacial debonding initiation (small envelop), and positive T stress
leads to early interfacial debonding initiation (large envelope).(a)
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Fig. 10. Variations of the critical distance rc with (a) interfacial tensile strength (ﬁxed shear strength ss = 7.47 MPa) and (b) interfacial
shear strength (ﬁxed tensile strength rt = 6.75 MPa) for diﬀerent levels of stress intensity factors under the conditions of V/Cs = 0.4,
b = 30, T = 0 MPa.
P. Wang, L.R. Xu / International Journal of Solids and Structures 43 (2006) 6535–6550 6549Also, the interfacial strength is an important parameter to govern interfacial debonding initiation based on
our proposed criteria. To clarify the interfacial strength eﬀect on the interfacial debonding initiation, and to
examine which interfacial strength is more critical, variations of the critical distances with the interfacial ten-
sile and shear strengths are shown in Fig. 10. Obviously, as increase of the interfacial tensile or shear strength,
the critical distance decreases. Moreover, as shown in Fig. 10(a), the critical distance decreases sharply with
the increase of the interfacial tensile strength. However, diﬀerent shear strength values do not lead to much
diﬀerence in the critical distances as seen in Fig. 10(b). Therefore, the interfacial tensile strength is much more
important than the interfacial shear strength to control interfacial debonding initiation in this case (a mode-I
incident crack). Although the above results are based on bonded polymer systems, they are expected to extend
to bi-material systems. For example, high-stress intensity factors of the incident cracks and low interfacial ten-
sile strengths will obviously induce early interfacial debonding initiation in bi-material systems.
6. Summary
Dynamic ‘‘Cook–Gordon mechanism’’ is investigated experimentally and analytically. After providing
experimental evidence of interface debonding ahead of an incident dynamic crack, strength-based criteria
are developed to predict the interfacial debonding initiation. Results indicate that high-stress intensity factors
of the incident cracks can easily cause interfacial debonding initiation, and negative T stresses can suppress
interfacial debonding initiation. Moreover, interfacial tensile strength is more eﬀective than interfacial shear
strength in controlling dynamic interfacial debonding initiation induced by a mode-I incident crack.
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